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RF LINAC APPROACH TO HEAVY 10N FUSTON*

D. A. Swenson

Accelerator Technology Division
Los Alamos Sclentific Laboratory
Los Alamos, NM 87545

ABSTRACT

The necessary properties of "funnellng' particle
beams from multiple accelerators into combined beams
having higher current are outllned, and methods are
proposcil which maximize the officiency of this proces,
A heavy 1on fanlon driver system example 18 presented
which shows the large advimtages In systoem et fleieney
to be gained by proper funneling.

The rf Linac, when oprrated at sallielently high cnrrents of minply-charped
heavy fons in the rimge of 1 to 10 GeV at freguenedes In the vanpe of 160 to

400 Mz, {4u an officlent acecterator, where most ol the power Is troasterred to

the beam. tnder these conditlon., the total rl power regnired to aceclerace o

given particle to o pgiven partlele encrpy 18 ensent lally Twdependent of the
charge stare; thus f the slagly charged heavy lon, wlith Tt dow charpge to mass
ratlo, Is the preferred particle for reanons amnociated with other parts of the
facillity, It iz qulte aceeptable from the rl Tloaae polnt ol view, Pmthermone,
the relatfvely tdph current redueen the regnired Thoae pnlse dfenpth, canslag
the optimum acveleratlion gratlent to be ||ly,||('|'** and the opt hmm acceeierator

leagth to o chotter than would bhe the case for Tower envvents ol similar lons,

Filling such machines, on the other and, 1s o major problem, vogqul g o

mettiplicity ol low Tregneney Thaoes at the Toweni energy with aciat lvely Tow

*Work perviormed mder the onsplees ol the o S0 Depan tment ol laeapy,

*hIn low duty applleat Tang, where the b power omeees e poeal power ol ted,
the power - rictated coxts me proportional to the peak power and the opt haom
aeceleratlon praodient 1o Independent of the beom cvanvent. I Hiaed bigh doy
appl o ions, where the of power sonces e average janeer Yl ted, the power
related corte are propovtional to the averape pover, which 1a alio pecapomet Tonal
to the peak power, and the opt taes aceveleratm gradient oo bndependem ol the
beam varcent . To flred averape cmrent applieat oo, the doty tactom ba o
versely proport tonal to the peak heam emrent, and In those canes which are
averape power Plalted, the aprimom aceevierat tom gradient s

pmropmtionad ta the
sguare voot ol the peak beam cmaent



currents, followed by smaller numbers of linacs at higher encrpies with higher
frequencics and currents, culminating in a single linac at the highest freguency
and current for the major portion of the facllity.

Let us define "funneling'" as the interlaced filling of one linac of fre-
quency Nf from N linacs of frequency f. For a number uf reatons, the most intor-
esting value of N 18 2, For N = 2, funneling implies a doubling of the frcyuen-
cy whenever the space charge limits of the structure pernit and a combinatlon
of the beams from two linacr at the old frequency into each linac at the new
frequency. In principle, it is possible to accomplish the finmeling with no
increase in the tramiverse phase space and a simple addition of the lonpgitudinal
phases from the two llnack nsing an rf deflector,

Funncling f¢ an dmportant concept, It Implies the £3i11dug of cvery bucket
at cach new frequency, thereby reallzing the full gpace charvpe capabilitics of
each portion of the linac. Tt maximlzen the frequencey and vonsequeatly mind
wlzes the size and power consmmpt lon of cach povtion ol the strocture,  Empty
buckets represent a valnable resoarce that mnst not be wasted.  They represent
prime zpace in whivh adddtional heam can be sereterated with no additional bad-
ware, real eotate, o pnlae Yeagth, and with oaty the additional power reguired
for the addlitional beamn. The adddtional beam rarrent serves to redoce Jhe Tinae
pulse Teopth aned to reduce the severe vequlremeats: on the Tinal bunehing syntem
Lavolvhg maltaiple acenmiator rings and Hinear faduet ton bonehers.

The concept of funpellup wai lovented at the 1977 Heavy 1on Faston Worksnhop,
Stuce then, nefther the ANL nor BNL desipns have Tobly cxplonted this cone g,
haviayg only on elphth to one- twellth of the bhuvkets 1111ed, and patlcle cm
rents that ave factors of 10 to 100 below what they contd be. This vanaen e
pulse lenptha ta he longer, the opt fimm pgradlent: ro be lower, and the finace
lenpthn to be Tonger In tirore destpns than hn the desipgns which Tolly explait
fanmel tng,

Strdet Tuoneling dmplles o conutant catio bhetween the bBeam smreat and e
freguency ol cach pation ol the Thaeo  The velatlve ditbicalty of Tmmellog
depemds on the ratio of the physiteal zeparatton ol tae beasss to thelr particle
waveleapth (BA) . The Lager ¢hln vatlo, the wore diVf endt the faamel g, At
the fowest betan, 1 T attract lve l.n comntder arrayn ol Haae elimmeln withiyg
a comman Hypae stnature, where the beam to heam spac fags can be anilte saaltd,

The ratlo fregnewcy qumbipote (REQ) Finae structure promisen to he the

hoest Tow beta Doy stincture, ol feving hiph coptee of weey Tow coerpy beams



and acceleration with a minimal emittance growth.* Furthermore, the RFQ lends
itself to array-like configurutions as shown in Fig. 1, which can be driven by
external resonant circuits in the same manner as Wideroe linacs, By staggering
the geometrical modulations that produce the accelerating voltages, the beams
can be made to interlace as required by funneling, without the necessity for
introducing varying lengths into the funneling transport lincs,

Candidates for the second linac structure in the system are an RFQ linac,
an electrostatically-focused w, 3n Wideroe linac, and a magnetically-focused
7, 3m Widerde linac. At a few MeV, the electrostatically-focused m, 31 Wideroce
linac scems to be the best choice, because the RFQ ¢fficiency is drapping, while
the required magnet strengths are stil) impractical.

1f the oripinal array of RFQ linacs involves more than two interlaced beam
channels, the sccond structure must altso accommdate an oarrey of more than one
intertaced channel, Tt shonld he noted that multiplo-hn1nd drift tnbesg dn a
Wideroe or Alvarcz configuration do not satlufy the dntervlaced requlrements of

funneling, Flgnre 2 supggests the bas‘c foeatures of a donhle-harmled, clectro-

stat leally-foensed n, 31 Wideroe

1inne which does sntinfy thilg roe-

gulrerment and wonld serm to have

nome attractdve rf and mechanleal

properties,  This fdes vould be

extended to o Tarper namber of

heams at the cont of Turther com-
1) plieation.

A multipde channel, mapnet--

Tenlly- focased 7, 3n Wideroe Vinae

e could bhe bhased on the same Ydea,

where the mapnet le gqueehopoles

vontbd have an ontec dbameter equal

— B to the chaanel neparation (hot an
/ mpdiue constraint). In this canse,
U SR It woudd secem proteable to Thnbe

the vacuam te the 1t accelerating
Flp. 1.

replome: aan '.‘". It toy ol a heam
Miay of Four RFQ Chmmels

*1t In the Fest tranaltfon that we Xnow ol hetween o ode Injector and an vl e,

K]



tube passing through the magnetic quadrupoles. This would leave the magnetic
quadrupoles completely exposed on top of thc structure to facilitate alignment
and services.

We realize that requirements on brightness have a strongz influence on how
close we can operate to the spice charge limit, llowever, the important proper-
tivs of funneling and the impact nutlined above on structure selection are
cqually valid for lower currents, We arce proceeding with more detailed design
of a facllity emafigoration using these jdeas; in the followinp paragraphs, we
outline a preliminary, idecalized cornfignration which 11lustrates the rotential

advantages of fe11 furmeling.
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end. Detailed studies of the bcam dynamics in these striuctures have not been
made, nor have studies been made of the problems associated with funneling.

The transition energles in Table I are based on a ratio of the space charge
force to the focusing force of 0.5, which corresponds to an allowed tune depres-
sion of about 302.1 Withir the RFQ, this limit is evaluated ai the end of a
bunchtiing subsection. For all other cases, thcse limits apply ar the input or
transition energy to each new structure., If we decide, hecause of emlttance
growth or current loss, to operate further from Lhe upace charpe 1imit, we can
delay the transiiions to somewhat hipher cnerpics where the Jimitinp current:
ere higher.

The totel Length of the linace b only 3.4 km, which s quite shert compared
to previous designs, ‘This is the roanlt of the velatively hiph acceleration
graitients in the latter portions o the facklity, namedy, 1.5 Bev/m ot 100 Mis,
2,0 HeV/m at 200 Mz, and 4.0 MeV/in at 400 Miiz.,  These graodlents at these Cro-
quencies are known to be technicaily feanible, and they can’ b shown to e ceo-
nomleally attractlive becoase of the hipgh freguencies and hiplh ) eal hram carveets
that result froa foawocling,

In o pesent stage ol thinklup, we woald poopose to confipnre s he 3
chimmels of the {irst stractore as elgbt Independent arraes of Tonr vhonnel:
as chown I Fig. 1, the 16 chanpele of the gscecond stractme g eipht Hatbepomient
double-barreled stractures as shown on Fip, 2, and the B ehaonels of the third
structure an 8 conventlonal 50 Mz wy rroe stowcetures.  Anoroch, the carly
stapes ol the faclllry, thosme with the highest miiplseltics, wonld Cake 5 he
form of cight tdentdienl assembiiice:n, cach accempodatiog o total conreat of TOW A,
This conl fpuratton Yends Ltaclf to the possibillty of ddevelopoang, molotyping
and tcoting onecclphth of the tolal conflguration In o staped dovelopment ol e

total fac!iity.
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o "Space Chanpe sidwlts Ta Woaes," P P weepier, to e pabi Eshoid,
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We believe that the space-charge limit for Xe+1 in a magnetically-focused
rf linac is approximately one ampere at 1 GeV and 100 HHz,_based on a uniformly-
filled, three~-dimensional ellipsoidal model and a smooth approximation of the
transverse focusing forces.l This 1limit increases with energy and decreases
with frequency, such that at 3 GeV and 400 MHz the limit is also approximately
one ampere. Thus for the major portion of a 10 GeV heavy ilon fusion facility
based on the «f linac approach, one can accormodate currents in the order of an
ampere at frequencies as high as 400 MHz. 1f one shoots for 800 mA at 400 MHz
in the major portion of the facility, one is obliged to start out with 32 linac
channels, each carrying 25 mA at 12.5 Mz followed bty five stages of furneling.

A schedule of linac structures which, 1f comhined through funueling, would
producce an 800 mA beanm of Xc+] at 10 GeV is glven In Table I. Fach structure,
after the initial RFQ scctlon, 19 close to lts space charge limit at the low

encrgy end and sigaificantly below ite spoce charge limit at Lhe ldgh encrpy

TABLE 1

SCHEDULE OF LINACG STRUCTURES

Structure 1 ? 3 h 5 6
Type RFQ EFW MEW MFA MFA MFA
Runber 32 16 8 4 2 1
Currcut (mA) 25 50 100 200 400 800
Frequency (Milz) 12,5 2% 50 100 200 40
Enerpy In (MeV) 0.2 6 28 190 150 3000
Beta in 0.002 0.010 0,0Nn 0.056 0.110 0.217

BetaotLambda (m) 0.0n} 0.118 0.1'8 0.1060 0.106% 0.163

Fueigy ont (MeV) 6 78 190 /h0 1000 10000
Leugth (m) 21 20 125 173 1129 1750
Total lengptl (w) 34210)

R¥Q = Radlo rrequency gaadrupalte 1hae,

EFW - Elpcetrostatlcally -focnned Wideroe 1inace,
MFW = Magnet teally: focusked Widerie Huaoae,

MFA - Mapuet leally foenmd Alviner Hinae,



